Introduction {#sec1}
============

It has been widely accepted that platelet aggregation and activation play an important role in the pathogenesis of thrombosis, including acute arterial thrombosis, deep venous thrombosis, and coronary thrombosis, according to the pathophysiological mechanisms.^[@ref1]^ In the resting state, platelets are discoid and inactive. When vascular damage occurs, the locally exposed collagen and thrombin will activate platelets to produce ADP and thromboxane A2 (TXA~2~) to maintain continuous platelet activation. In general, the activation of platelets induced by agonists begins with the activation of the phospholipase C (PLC) isoforms expressed in platelets followed by the increase of Ca^2+^ concentration, causing the conformational change of the cell skeleton. Ultimately, subsequent intracellular signaling activates integrin αIIbβ3 on the platelet surface, thereby enabling platelet aggregation and adhesion. This process is mainly mediated by the interaction between the integrin receptor αIIbβ3 of activated platelets and fibrinogen, which leads to the formation of platelet-rich thrombus.^[@ref2]^

Accordingly, the development of antiplatelet drugs that block platelet activation and aggregation will provide excellent therapeutic strategies to treat and prevent thrombotic diseases clinically. However, current antiplatelet drugs are still limited for their side effects, especially bleeding complications. Additionally, the latest study has shown that the use of low-dose aspirin as a primary prevention strategy in elder adults resulted in a significantly higher risk of major hemorrhage and did not result in a significantly lower risk of cardiovascular disease than the placebo.^[@ref3]^ It is also observed that daily aspirin prevention leads to a higher all-cause mortality than placebo prevention among healthy elder adults.^[@ref4]^ Thus, it is essential to develop new agent that is more potent and safer in the prevention of thrombotic diseases.

Bioactive peptides, whose molecular sizes range from 2 to 20 amino acid residues released by enzymatic hydrolysis by proteinases and peptidases, are usually related to reduced incidence of negative side effects and low toxicity^[@ref5]^ and have been widely investigated with an antiplatelet aggregation activity. However, few peptides with an antiplatelet activity were identified from the food source, such as the tripeptide SQL from centipedes,^[@ref6]^ YY-39 from tick salivary glands,^[@ref7]^ RGD from fibrinogen α chains,^[@ref8]^ and AAP from venom.^[@ref9]^ As a consequence, it would be difficult to be utilized in industrial production of special medical food for the prevention of thrombosis because of their limitation on raw materials.

Our previous study has shown that oral administration of collagen hydrolysates could downregulate nine cytokines significantly, which were highly expressed in activated platelets.^[@ref10]^ However, the active peptides and their antiplatelet activities remained unknown. The objection of this study was to investigate the peptide sequence of the collagen hydrolysate with a higher inhibitory activity against platelet aggregation in vitro and the in vivo antithrombosis activity as well as potential side effects.

Results {#sec2}
=======

Hydrolysis of Collagen {#sec2.1}
----------------------

To produce antiplatelet aggregation peptides from collagen, enzymatic hydrolysis was performed using Alcalase or Protamex under optimal conditions for 4 h. Then, the hydrolysates were further digested by pepsin and pancreatin to simulate gastrointestinal digestion. The degree of hydrolysis (DH) was employed to monitor the state and rate of proteolysis. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, DH increased gradually with the increase of reaction time. The hydrolysis curve of Alcalase increased slightly after 2 h (DH = 17.90%) with a maximum DH of 19.82% at 4 h. Similar results were found for Protamex with a maximum DH of 20.05% at 4 h. DH was not altered significantly after two-hour pepsin hydrolysis but increased to 24.95 and 26.90% for Alcalase and Protamex, respectively. Evidence of proteolysis is shown through the result of molecular weight distribution of collagen hydrolysates. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, the major molecular weights were less than 1000 Da, indicating that the majority of collagen was hydrolyzed into oligopeptides. After pepsin and pancreatin (PP) digestion, more small peptides were released, especially those in the \<500 Da ranges. Inhibitory activities against platelet aggregation of Alcalase hydrolysates (AH) (40.40%) and Protamex hydrolysates (PH) (35.63%) were shown as an insert in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A. Interestingly, the inhibitory rate increased to 60.57 and 56.51% for both AH and PH after PP digestion, respectively.

![(A) Degree of hydrolysis of Alcalase and Protamex collagen hydrolysates followed by pepsin and pancreatin (PP) digestion at various time points. (B) Molecular weight (MW) distribution of the collagen hydrolysate.](ao0c01340_0001){#fig1}

Separation and Identification of Antiplatelet Collagen Peptides {#sec2.2}
---------------------------------------------------------------

To identify the collagen peptides (CPs) with a higher antiplatelet aggregation activity, the hydrolysates after simulated gastrointestinal digestion were used for further separation. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, all the peptides were eluted out around 60 min and were then separated into six fractions (AH-PP-F1--F6) and five fractions (PH-PP-F1--F5), respectively. The inhibitory effects against platelet aggregation in vitro were widely observed in all the fractions, suggesting that different CPs with different hydrophobicity, which was direct related to retention time, had an antiplatelet activity in collagen hydrolysates. The fraction AH-PP-F3 exhibited the highest (*p* \< 0.05) level of antiplatelet aggregation activity with 62.93% at 2 mg/mL, and the fraction AH-PP-F2 showed the highest activity (81.26%) at 4 mg/mL. A similar result was shown in the fraction PH-PP-F4 with 88.52% at 4 mg/mL and fraction PH-PP-F2 with 48.69% at 2 mg/mL. Thus, these four fragments were selected for peptide identification and amino acid sequence analysis.

![Separation of (A) Alcalase and (B) Protamex collagen hydrolysates after simulated gastrointestinal digestion by a YMC ODS-A C18 column and corresponding inhibition of platelet aggregation induced by ADP of collagen hydrolysate fractions from C18 separation at 2 and 4 mg/mL, respectively. Bars (mean ± SD, *n* = 3) with different alphabets have mean values that are significantly different (*p* \< 0.05).](ao0c01340_0002){#fig2}

The amino acid sequences of CPs were identified using HPLC-ESI-MS/MS and calculated by de nova sequencing.^[@ref11]^ The mass spectra of four collagen hydrolysate fragments are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the detailed information of the peptide sequence is shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, and the interpretation of the MS/MS spectra for OGEFG and DEGP is exhibited in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E,F. The parent ion 417.16 *m*/*z* was identified as the peptide DEGP calculated by y-type ions. Similarly, the parent ion 522.22 *m*/*z* identified the peptide as OGEFG, which was calculated by b-type ions. The other peptides were also calculated accordingly, and the results are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}; a total of seven peptides were identified in AH-PP-F3 and four peptides in AH-PP-F2, while a total of five peptides were identified in PH-PP-F4 and seven peptides in PH-PP-F2, according to the identified collagen sequence from protein database on the National Center for Biotechnology Information (NCBI).

![ESI mass spectrum of collagen peptides present in (A) AH-PP-F2, (B) AH-PP-F3, (C) PH-PP-F2, and (D) PH-PP-F4. MS/MS spectrum of peptides (E) OGEFG (521.26 Da) and (F) DEGP (416.16 Da).](ao0c01340_0003){#fig3}

###### Identification of Collagen Peptide Sequences from Four Fragments by ESI-MS/MS

  fraction                     AA Sequence   *m*/*z*   protein fragment[a](#t1fn1){ref-type="table-fn"}
  ---------------------------- ------------- --------- --------------------------------------------------
  A + PP-F2                    QGO           317.24    frequency = 11
  A + PP-F2                    PGGO          343.20    f(1319--1322)
  A + PP-F3                    PLD           344.23    f(319--321), f(351--353)
  A + PP-F3                    FPQ           391.18    f(288--290)
  A + PP-F3                    DEGP          417.18    f(670--673), f(811--814)
  A + PP-F3                    PGYV          435.21    f(644--647)
  A + PP-F3                    RPW           458.22    f(421--423)
  A + PP-F3                    WGPR          515.25    f(236--239)
  P + PP-F2                    PA            187.14    frequency = 9
  P + PP-F2                    TP            217.11    frequency = 6
  P + PP-F2                    SPGO          373.69    frequency = 3
  P + PP-F2                    ROR           444.22    f(165--167)
  P + PP-F2                    OTGPK         515.25    f(571--575)
  P + PP-F4                    PGA           244.13    f(1145--1147), f(1536--1538)
  P + PP-F4                    SHE           372.19    f(282--284)
  P + PP-F4                    VFPQ          490.73    f(287--290)
  P + PP-F4                    OGEFG         522.22    f(709--713)
  A + PP-F2/F3, P + PP-F2/F4   ME            279.16    f(1601--1602)
  A + PP-F2, P + PP-F2         WPR           458.23    f(526--528)

Indicated that the sequence was from *Salmo salar* collagen α (I/II) chain in NCBI.

Inhibitory Effects of CPs on Platelet Aggregation and Granule Release In Vitro {#sec2.3}
------------------------------------------------------------------------------

For further investigation of the inhibitory effect on platelet activation of CPs, the above identified peptides were synthesized for IC~50~ values against ADP-induced platelet aggregation in vitro. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, the CPs inhibited ADP-induced platelet aggregation. The peptide WGPR exhibited the strongest inhibitory activity among them with an IC~50~ value of approximately 208.70 μM followed by SHE (213.70 μM), OGEFG (277.17 μM), and DEGP (290.00 μM). However, the other peptides including PA, TP, ROR, WPR, VFPQ, PGA, and FPQ exhibited poor activities against ADP-induced platelet aggregation (data not shown). Additionally, the peptide ME was abundant in all these four fractions and also exhibited a potent antithrombosis activity (unpublished data). For further evaluating the antiplatelet aggregation activities, thrombin as a potent agonist was employed to stimulate platelet activation, and the result is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B. Interestingly, the peptide OGEFG exhibited the strongest activity against thrombin-induced platelet aggregation with an IC~50~ value of 1.612 mM. The IC~50~ values of the other peptides were slightly higher than that of OGEFG, and the order was DEGP (1.979 mM), WGPR (2.848 mM), and SHE (3.023 mM). However, the IC~50~ values of the other peptides were over 4 mM (data not shown). This result was in contrast with that of ADP-induced platelet aggregation. Additionally, ADP played a critical role in the signal magnifier during platelet activation, which was a weaker agonist than thrombin. Thus, the peptides OGEFG and DEGP were selected for further investigation of their in vivo antithrombosis activities.

![IC~50~ values of antiplatelet aggregation effects of CPs induced by (A) ADP and (B) thrombin. The effects of CPs on the release of 5-HT-induced by (C) ADP and (D) thrombin as well as (E) β-TG for ADP and (F) thrombin. Bars (mean ± SD, *n* = 3) with different alphabets have mean values that are significantly different (*p* \< 0.05). \*, \*\*, and \*\*\* indicate *p* \< 0.05, *p* \< 0.01, and *p* \< 0.001, respectively, as compared to the control group.](ao0c01340_0004){#fig4}

β-TG and 5-HT were the landmarks of the release of α-granules and dense granules. The results are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C--F; the peptides OGEFG and DEGP inhibited the release of β-TG and 5-HT in a dose-dependent manner significantly (*p* \< 0.05) when the platelet was stimulated by thrombin and ADP.

CPs Inhibited Arterial Thrombus Formation In Vivo {#sec2.4}
-------------------------------------------------

To evaluate the antithrombosis activities of CPs in vivo, a ferric chloride-induced arterial thrombosis model in rats was employed. The results are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} wherein the peptide OGEFG could inhibit the thrombus formation significantly at doses of 200 and 300 μmol/kg body weight (b.w.) by 46.7 and 43.3%, respectively (*p* \< 0.05). Similar results were shown in the peptide DEGP that dose dependence inhibited thrombosis by 53.3 and 62.3% accordingly. At a recommended daily dose (65 μmol/kg b.w.), the thrombus weight of the aspirin-treated group and clopidogrel-treated group decreased by 65.0 and 61.2%, respectively, which were similar to that of the peptide DEGP at a high dose.

![Effects of CPs OGEFG and DEGP on ferric chloride-induced arterial thrombosis model rats. Male Sprague Dawley rats were orally administrated with 0.9% saline, clopidogrel, aspirin, OGEFG, or DEGP at different doses (μmol/kg b.w.), respectively. Bars (mean ± SD, *n* = 6) with different alphabets have mean values that are significantly different (*p* \< 0.05).](ao0c01340_0005){#fig5}

Effects of CPs on Bleeding Time (BT) {#sec2.5}
------------------------------------

The effects of CPs on BT were measured to evaluate the bleeding risk. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, the CPs OGEFG and DEGP exhibited no significant increase in BT at doses of 300 and 400 μmol/kg b.w. However, the clopidogrel-treated group prolonged the BT significantly with BT \> 15 min (*p* \< 0.001). A similar result was found in the aspirin-treated group with a BT of 5.345 min, which was much longer than that of CP-treated groups at a lower dose (*p* \< 0.01). This result indicated that the CPs showed no bleeding risk at the effective dosage, and their bleeding risk was much lower than that of clopidogrel or aspirin.

![Effects of CPs OGEFG and DEGP on (A) BT and (B) thymus index and spleen index in mice. Male ICR mice were orally administrated with 0.9% saline, clopidogrel, aspirin, OGEFG, or DEGP at different doses (μmol/kg b.w.), respectively. \*\* and \*\*\* indicate *p* \< 0.01 and *p* \< 0.001, respectively, as compared to the vehicle group.](ao0c01340_0006){#fig6}

Effects of CPs on the Thymus Index (TI) and Spleen Index (SI) In Vivo {#sec2.6}
---------------------------------------------------------------------

The TI and SI of mice after CP treatment were measured to preliminarily investigate whether the CPs or CP dose had obvious toxicological effects on the animal subjects.^[@ref12]^ As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B, the TI and SI of the OGEFG-, DEGP-, clopidogrel-, and aspirin-treated groups had no significant difference compared to that of the vehicle group. There was no obvious atrophy and hyperplasia or swelling of thymus and spleen. Thus, it could be concluded that oral administration of the CPs OGEFG and DEGP at doses of 300 or 450 μmol/kg b.w. had no acute toxicological effects.

Discussion {#sec3}
==========

The biological processes of platelet adhesion, activation, and aggregation played a vital role in the process of primary hemostasis as well as the formation of an occlusive thrombus. Due to the high turnover of the platelet in the body and its essential role in hemostasis and thrombosis, the platelet has long been a primary target for therapeutic intervention for the prevention of occlusive thrombotic events. Our previous study has shown that the collagen hydrolysates after oral administration could downregulate nine cytokines significantly in elder mice, which were highly expressed in an activated platelet,^[@ref10]^ and then inhibited the activation of the platelet. However, the peptide sequence with an inhibitory activity against platelet aggregation remains unknown. Based on these observations that the bioactive potency was released after oral administration, enzymolysis followed by gastrointestinal digestion were employed to simulate in vivo absorption of collagen hydrolysate to prepare collagen peptides with antiplatelet aggregation or an antithrombosis activity. Alcalase is an endopeptidase and widely used in protein hydrolysis commercially. Alcalase acted on the intramolecular peptide bond and had a preference for Ala, Leu, Val, Tyr, and Phe sequences,^[@ref13]^ while Protamex worked on the peptide bond at the end of the peptide chain. A previous study has also shown that Alcalase hydrolysates released from grain protein exhibited antiplatelet activities.^[@ref14]^ Pepsin preferred to cleavage Phe, Tyr, and Ala whose cleavage sites were similar to Alcalase. Consequently, no significant alternation of DH was observed after pepsin hydrolysis. However, the DH increased significantly after pancreatin digestion for its cleavage sites of Arg and Lys. These results were confirmed by molecular weight distribution that more CPs with a smaller molecular weight were released after simulated digestion. Interestingly, the collagen hydrolysates after simulated digestion exhibited a higher inhibitory activity against ADP-induced platelet aggregation. The DH observed in this work was more than values reported for silver carp protein hydrolysate (8.1%).^[@ref15]^

Platelet aggregation could be induced by various agonists and mainly amplified by ADP that was released from platelet granules.^[@ref16]^ Recent studies have suggested that the ADP receptor inhibitor may be a better choice for secondary prevention in patients with atherosclerotic ischemic stroke subtypes because of its multiple functions, such as anti-atherosclerotic,^[@ref17]^ antiplatelet aggregation,^[@ref18],[@ref19]^ and neuroprotective activities.^[@ref20]^ Therefore, development of biopeptides that could inhibit ADP-induced platelet aggregation and activation could be more advantageous than other antiplatelet agents. A previous study has shown that the pepsin hydrolysates of gelatin from mackerel skin could inhibit the ADP secretion during platelet aggregation.^[@ref21]^ However, to the best of our knowledge, there is a scanty report on the antiplatelet peptides, especially identified from food resources, and the activity was relatively lower than that of other peptides usually identified from snake venom. In the present study, the IC~50~ values of antiplatelet aggregation activities induced by ADP were 277.17 and 290.00 μM for CPs OGEFG and DEGP, respectively. Actually, the identified peptides were synthesized in the form of acetate for the animal experiment, which may contribute to the increase of molecular weight. As a consequence, the effective sequence of the peptide itself was decreased at the same concentration, which would lead to the impaired antiplatelet aggregation activity. The tested peptides exhibited a higher in vitro antiplatelet aggregation activity when compared with these reported peptides, such as SQL that inhibited human platelet aggregation by 20.2% at 2.89 mM^[@ref22]^ as well as LTFPRIVFVLG by 76.69% at 1 mg/mL.^[@ref23]^ On the other hand, the characteristics of the antiplatelet peptide sequence remain unknown. A previous study has reported that hydrophilic peptides SSGE and DGE exhibited an antiplatelet activity induced by ADP with IC~50~ values of 0.48 and 0.46 mM, respectively.^[@ref24]^ The identified peptides in our study, including OGEFG, DEGP, PGYV, PGGO, OTGPK, SPGO, and QGO, were less than six amino acids in length and contained hydroxyproline, which was the hydroxylation of proline and unique to collagen. In addition, acidic amino acids, such as Asp and Glu, and the basic amino acid Lys were also contained. These amino acid compositions might contribute to a higher inhibitory activity against ADP-induced platelet aggregation and activation. The Pro-Gly (PG) or Gly-Pro (GP) motif was also observed in these peptides, and all these peptides exhibited an antiplatelet activity induced by ADP. Similarly, a previous study has also shown that the tripeptide PGP, which contained a PG or GP motif, could suppress the thrombus formation by the anticoagulation effect.^[@ref25]^ Moreover, the release of β-TG and 5-HT were also impaired with the incubation of PG- or GP-containing peptides OGEFG and DEGP. However, the antiplatelet mechanism of collagen peptides remains unknown, and more study should concentrate on the relationships between the specific sequence and antiplatelet activities. Based on these observations, it could be speculated that the PG or GP motif in peptides might play an important role in the inhibition of further activation and coagulation of platelets after ADP or thrombin stimulation.

The ferric chloride-induced arterial thrombosis model is a classic assay used widely to investigate the antithrombotic activities of an antiplatelet compound in vivo under the condition of vascular injury.^[@ref26],[@ref27]^ The present study showed that oral administration of peptides OGEFG and DEGP decreased the thrombus weight significantly whose effects were comparable with aspirin and clopidogrel at a one-third dose approximately. However, the benefit--risk balance between the antithrombosis activity and side effects, such as bleeding risk and immune response, is extremely important for the development of antiplatelet agents. Thus, the BT in mice and immune parameters were also determined to investigate the potential side effects. Interestingly, the antithrombosis drug clopidogrel prolonged the BT (\>15 min) significantly at a one-third dose of CPs OGEFG and DEGP. A similar result was also observed in aspirin with a little bleeding risk. Additionally, the TI and SI were not altered after CP treatment with a reduced risk to cause an immune response. These results of an in vivo antithrombosis activity and side effect demonstrated that the CPs OGEFG and DEGP may have potential to be used as natural additives in the prevention of thrombosis. Further study should concentrate on the mechanism of CPs to inhibit the platelet activation.

Conclusions {#sec4}
===========

Taken together with these results of the current study, it could be concluded that the CPs could effectively inhibit platelet aggregation induced by ADP in vitro and exert potent antithrombosis activities in vivo without bleeding risks. The peptides OGEFG and DEGP were the most active components in CPs against platelet aggregation. Similar peptides were also identified with IC~50~ values less than 0.5 mM, indicating that PG- or GP-containing peptides might be the main effective peptides in CPs. Further study is necessary to investigate other peptide families containing this motif and their antithrombosis mechanisms. The present study demonstrated that the CPs may have potential to be developed as an effective and safe agent to prevent the occurrence of thrombotic diseases.

Materials and Methods {#sec5}
=====================

Chemicals and Reagents {#sec5.1}
----------------------

Alcalase and Protamex were purchased from Novozymes Biotechnology Co., Ltd. (Beijing, China). The 5-HT ELISA kit was purchased from IBL international (German). The β-TG ELISA kit was obtained from Cloud-Clone Corp (Wuhan, China). Thrombin and ADP were purchased from Beijing Solarbio Science and Technology Co., Ltd. (Beijing, China). Aspirin and clopidogrel hydrogen sulfate were purchased from MCE (Shanghai, China). Other chemicals used were analytical grade or better.

Preparation of Collagen Hydrolysates {#sec5.2}
------------------------------------

Briefly, the thawed *Salmo salar* skin was firstly treated in 0.05 M NaOH and then in 0.2% H~2~S0~4~ (1:6, w/v) at room temperature for 60 min. After the acid treatment, the swollen skins were soaked in distilled water at 45 °C for 12 h to extract gelatin. The resultant gelatin was enzymatically hydrolyzed using the following enzyme, and reaction conditions were reported as previous: Alcalase (pH 8.0, 60 °C) and Protamex (pH 7.5, 55 °C). Enzymatic hydrolysis was performed for 4 h (pH maintained constantly by addition of NaOH) followed by simulated digestion with pepsin (pH 2.0, E/S = 1:50) and pancreatin (pH 7.0, E/S = 1: 50), after which the enzymes were inactivated by immersing the reaction vessel in a boiling water bath for 10 min. After centrifugation at 12000 × g for 10 min, the supernatant was collected and lyophilized to make collagen hydrolysates for further analysis.

Degree of Hydrolysis {#sec5.3}
--------------------

The time-dependent changes of DH during enzymatic hydrolysis were determined by the TNBS method.^[@ref28]^ The DH was calculated according to the following equation

where *h* is the concentration in milliequivalents of protein of α-NH~2~ formed during hydrolysis (mmol/mL), and *h*~tot~ refers to the hydrolysis equivalent at complete hydrolysis to amino acids. For collagen hydrolysates, *h*~tot~ is 8.41.

Molecular Weight (MW) Distribution {#sec5.4}
----------------------------------

MW distribution of each fraction was determined by HPLC with a TSK gel G2000 SWXL column.^[@ref29]^ The calibration curve was obtained by fitting the retention time and logarithm of MW of the following standards: aprotinin (6512 Da), bacitracin (1423 Da), YPWY (627 Da), CLC (338 Da), and Gly-Sar (146 Da). The MW distributions of peptide fractions were calculated according to the calibration curve.

Separation and Purification of Collagen Hydrolysates {#sec5.5}
----------------------------------------------------

The lyophilized collagen hydrolysates were dissolved in water (100 mg/mL), and the solution was then applied to a YMC ODS-A C18 column (Φ 1.0 cm × 10 cm). The elution program was as follows: 0--13 min, water; 13--26 min, 10% methanol; 26--40 min, 30% methanol; 40--60 min, 50% methanol. The flow rate was controlled at 1.0 mL/min by a constant flow pump. The eluent was monitored at 220 nm by an HD-A chromatography data handling system (Shanghai Qingpu Huxi Instruments, Shanghai, China). The fractions were collected, lyophilized, and tested for an antiplatelet aggregation activity.

Identification of Collagen Peptides {#sec5.6}
-----------------------------------

The most active peptide fractions against ADP-induced platelet aggregation from the column separation were each dissolved in water and loaded onto an Acclaim PepMap RPLC C18 column (7.5 μm i.d. × 150 mm) for HPLC-ESI-MS/MS analysis with an injection volume of 10 μL and flow rate of 0.3 μL/min. The elution program was performed as follows: 0--5 min, 6%--9% buffer B (0.1% formic acid in 80% ACN); 5--50 min, 9%--50% buffer B; 50--52 min, 50%--95% buffer B; 52--56 min, 95% buffer B. The scan range of MS/MS was from 50 to 1500 *m*/*z*. Peptide sequences obtained from the MS/MS spectra were confirmed using protein database from NCBI. Predicated peptides were synthesized with a purity of \>98% by GL Biochem (Shanghai, China).

Animal Model and Environmental Conditions {#sec5.7}
-----------------------------------------

The male Sprague Dawley (SD) rats (280--300 g) and Institute of Cancer Research (ICR) mice (28 ± 2 g) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing China). The rats or mice were acclimatized for a week in a pathogen-free animal housing under a 12 h-day-and-night cycle at 21 °C with access to a regular chow diet and tap water. All experiments involving animals were performed in compliance with the relevant laws and institutional guidelines with the approval of the Institutional Animal Care and Use Committee (IACUC).

Preparation of the Platelet-Rich Plasma (PRP) and Washed Platelet {#sec5.8}
-----------------------------------------------------------------

The platelet was isolated from rat aorta blood and mixed with sodium citrate (1:9, v/v) as previously described with some modifications.^[@ref30]^ Briefly, anticoagulated blood was centrifuged (50 × g, 10 min) to obtain platelet-rich plasma (PRP). The residue was centrifuged at 750 × g for 10 min to collect the platelet-poor plasma (PPP), and PRP was diluted to 2--3 × 10^8^ with PPP. The washed platelet was obtained by washing with an HEPES/Tyrode buffer (137 mM NaCl, 2.7 mM KCl, 5.56 mM glucose, 12 mM NaHCO~3~, 1 mM MgCl~2~, 10 mM HEPES, 0.36 mM NaH~2~PO~4~·H~2~O, and pH 7.4) containing 0.5 mM EGTA (ethylene glycol tetra-acetic acid). The washed platelets were resuspended in the HEPES/Tyrode buffer and adjusted to 2--3 × 10^8^ cells/mL.

Antiplatelet Aggregation In Vitro {#sec5.9}
---------------------------------

Inhibition of platelet aggregation induced by ADP and thrombin was measured with a four-channel aggregometer as previously described.^[@ref31]^ Aliquots of 270 μL of washed platelet were incubated with 30 μL of the HEPES/Tyrode buffer or the CPs with different concentration at 37 °C for 5 min, respectively. After incubation, platelet aggregation was induced by adding 30 μL of thrombin (0.5 U/mL). For platelet aggregation induced by ADP (0.1 mM), PRP was used to replace the washed platelet for determination. The platelet aggregation at 5 min was recorded, and the inhibition rate was calculated as follows

inhibition of platelet aggregation (%) = \[1 -- platelet aggregation (sample)/platelet aggregation (control)\] × 100

The IC~50~ value of platelet aggregation was calculated by Graphpad Prism 6.0.

ELISA Analysis {#sec5.10}
--------------

The 5-HT and β-TG were determined according to the corresponding ELISA kit instructions. Briefly, aliquots of 270 μL of PRP were incubated with 30 μL of the HEPES/Tyrode buffer or the CPs at 37 °C for 5 min. After stimulation with ADP, the reaction was stopped by an ice bath and centrifuged at 10,000 × g for 2 min. The supernatant was used for ELISA analysis.

Ferric Chloride-Induced Arterial Thrombosis Model {#sec5.11}
-------------------------------------------------

To estimate the effects of the CPs on thrombus formation in vivo, a ferric chloride-induced arterial thrombosis model in rats was used according to the described method^[@ref6]^ with some modification. SD rats were randomly divided into 7 groups (*n* = 6) and orally administrated with the vehicle (saline), OGEFG (200 and 300 μmol/kg, bw), DEGP (200 and 300 μmol/kg, bw), clopidogrel (65 μmol/kg, bw), or aspirin (65 μmol/kg, bw), respectively. After 1 h, the vascular injuries were induced by applying a filter paper (5 × 10 mm) saturated with 25% ferric chloride on the adventitial surface of the exposed left common carotid arteries. The injured carotid artery segment was excised, and the thrombus was washed carefully with PBS. After blotting the excess liquid, the thrombus was weighed immediately.

Tail Bleeding Assay in Mice {#sec5.12}
---------------------------

To evaluate the bleeding risk of the CPs, a modified tail-cutting method was employed.^[@ref32]^ The mice were grouped (*n* = 10), and the vehicle, OGEFG (300 and 450 μmol/kg, bw), DEGP (300 and 450 μmol/kg, bw), aspirin (100 μmol/kg, bw), or clopidogrel (100 μmol/kg, bw) were orally administrated. The mouse tail was marked with a tag in a distance of 3 mm from the tail tip and then cut in the mark. The tip of the tail was immediately dipped into saline at 37 °C. Blood flowing from the incision was carefully monitored, and the time interval from cutting the tail tip to stopping bleeding was recorded as the bleeding time (BT) with a maximum of 900 s.

Determination of Thymus Index and Spleen Index {#sec5.13}
----------------------------------------------

The ICR mice after the tail bleeding experiment were weighed immediately and sacrificed. The thymus and spleen were excised from the mice and washed with PBS. After blotting the excess liquid, the thymus and spleen were weighed immediately, and the TI and SI were calculated according to the following equation: TI/SI (mg/g) = (weight of thymus/spleen)/mouse body weight.

Statistical Analysis {#sec5.14}
--------------------

Results were expressed as the mean ± SD of at least three independent experiments. The statistical significance was assessed by one-way analysis of variance (ANOVA) followed by Ducan's tests using SPSS 19.0. Differences were considered statistically significant when *p* \< 0.05.
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